To evaluate water security, the Water Resources Sustainability Evaluation Model has been developed.
INTRODUCTION
Coming into the twenty-first century, water resources have become one of the scarcest resources and water security is receiving increasing attention. Seven main challenges of water security faced in the twenty-first century are: meeting basic needs, protecting ecosystems, securing the food supply, sharing water resources, dealing with hazards, valuing water, and governing water wisely, as reported in the Second World Water Forum in the Hague in 2000 (Dong et al. ) . Water security covers food security, life security, environmental security, economic security (Wang & Ouyang ) . Water security is a fundamental, global, and strategic problem for sustainable living security for the human race (Qiu ) . However, drastic population growth has accelerated exploitation of the region's water resources in recent decades, and has resulted in overuse and rapid deterioration of the resource, leading to water shortages. As a result of climate change and unsustainable use of the resource, the regional water environment on which humans depend for their survival has been evolving in a human-unfriendly direction and this change is resulting in, or will soon result in, negative effects at all levels of human society. These effects include drought, flooding, water shortages, water pollution, and overall deterioration of the water environment (Xiao et al. ) . In countries and regions of tension of water resources, water resources have become a strategic issue not only related to survival and development, but also an important aspect of national security and international relations (Zhao et al. ) . Therefore, it is very necessary to conduct an in-depth study for evaluation of regional water security.
Many reports on water security assessment have been released since the First World Water Forum (Luijten et Sun et al. ) . However, due to the complexity of the concept of water security itself, there is no unified approach or criteria for monitoring and evaluating water security. A further significant difficulty in water security is the collection and extraction of information from large groups of indicators. The principles of water security call for the integration of information concerning water supply, water environment and water disasters in a decision-making process. This information is required to support the identification of objectives, the development of policies or decision rules, and the evaluation of courses of action (Kelly ) . Effective indicator systems and evaluation methods are thus indispensable for obtaining decisive information (Shi et al. ) .
More recently, to evaluate the states of water resources at community and national levels in a holistic fashion, indicators and variables related to the systems have been grouped into several components or criteria of models, such as the Water Poverty Index (WPI) (Sullivan , ) , the Environmental Sustainability Index (Esty et al. ) , the Canadian Water Sustainability Index (Attari & Mojahedi ) , the Integrated Indicator System to Evaluate Watershed Management (IEWM) (Kang et al. ) and the Water Resources Sustainability Evaluation Model (WRSEM) (Kang & Lee ) . A comparison of the structures of those evaluation models shows that most are composed of several components and provide better understanding of the relationships between each component and water resources through quantitative measurement of the states of the components (Kang & Lee ) . However, it is thought that those models are not appropriate for evaluating the states of water security, because they were developed to evaluate the state of the components and processes related to water resources of nations and communities, and the goal and objectives of water security are not clearly incorporated in their framework. Therefore, to quantitatively measure the extent to which water resources are managed to achieve the goals, the objectives must be definitively established and be used as evaluation criteria in an evaluation model. In addition, the model's capability of evaluating water security in case study regions must be verified.
In this paper, a model for evaluating the water security, the Water Security Evaluation Model (WSEM), is presented. To verify the accuracy of the WSEM, it is applied to evaluate the water security in Wuhan urban agglomeration, China. The model is also used to propose policies appropriate for improving the water security of cities. In addition, the WSEM's behavior is reviewed by comparing the results of three other evaluation methods and calculating the Spearman coefficients of rank correlation between any two components.
DEVELOPING A MODEL FOR EVALUATING WATER SECURITY Study area
Wuhan urban agglomeration is also called a '1þ8' urban agglomeration, and is located in the eastern portion of Hubei province (Figure 1 ). Taking Wuhan city as a core, a radius of 100 km covers an area of 6,000 square kilometers with a cluster of small towns or cities, including Wuhan, Huangshi, Ezhou, Huanggang, Xiaogan, Xianning, Xiantao, Tianmen and Qianjiang, which form Wuhan urban agglomeration. The population was about 30 million in 2008. It accounts for 33% of the total area in Hubei province, but the proportion of GDP is about 60%, it is the most populous and prosperous region in Hubei. There are many rivers, lakes and reservoirs in the agglomeration, and in addition the Yangtze River and Han River flow through it, which makes it rich in water resources. The total area of Wuhan urban agglomeration is 58,051.9 km 2 , of which the area of water covers around 10%. There are more than 300 rivers of which the length is more than 5 km, and 565 lakes with an area of over 7 ha. It is subtropical and humid in climate, so it is characterized by abundant rainfall and showers with the hot season. The average annual rainfall is 1,200 mm, which accounts for 80% or so, with more rain falling from April to September every year. The total water resource in Wuhan urban agglomeration is 25.3 billion cubic meters, in which surface water resources are 23.8 billion cubic meters and groundwater resources are 7.6 billion cubic meters. However, current per capita water resource is only 808.37 m 3 , and little more than a third of the Chinese average. Water resources distribution is uneven temporally and spatially. Wuhan, Huanggang, Xiaogan and Xianning take up 78.71% of total water resources in Wuhan urban agglomeration. Besides, the differences of per capita water resources between different cities are obvious. In recent years, due to rapid socioeconomic development, new problems have developed such as water pollution, environmental deterioration, flood disaster and so on. So, through the evaluation of the state of water security, we can provide decision-making support for water resource management of Wuhan urban agglomeration. 
Research procedure
It is evident that an evaluation model that can be used effectively to evaluate water security must satisfy several requirements, as described below:
• To have criteria appropriate for quantitatively evaluating the state of water security.
• To integrate a wide range of data and information related to water security into the indicators and their variables.
• To make the indicators easily understood and efficiently deliver information on the state of water resources to policy makers and the public, using quantitative values.
• To use the relative weights of the sub-indexes and their indicators and to produce the evaluation results.
Taking these points into account, the procedure for developing the WSEM is established, as described by Figure 2 .
Justification of the indicator system
Water security can be seen as a means of achieving harmony between the four subsystems including economic development, flood control security, water supply security, and water environment security. There are three levels in the water security indicator system proposed in this paper (see Table 1 ). The second level contains four sub-indexes: economic development index (EDI), flood control security index (FCSI), water supply security index (WSSI), and water environment security index (WESI). These indexes are highly generalized and illustrate the general development situation of water security.
To identify the indicators for each sub-index, data related to water security from water supply, water disaster, water environment and socioeconomic dimensions are collected and processed with the variables of the indicators. The qualifications of the indicators are examined by experts in terms of appropriateness, measurability, transparency, and data availability. In this study, there are 22 basic indicators at the third level that reflect the features of the four sub-indexes, as shown in Table 1 . The selection of the indicators has been made according to the following six criteria: (1) theoretically well founded; (2) relatively stable and independent; (3) clear in content; (4) measurable and comparable, easy to quantify; (5) regionally specific; and (6) based on data that are acquirable.
Computation of the WSEM's index and sub-indexes
The sub-index's value is computed as follows (Sullivan ; Kang & Lee ):
where wv 1 , wv 2 , L, wv m are the relative weights of the indicators for the j sub-index, respectively. I 1 , I 2 , L, I m are the normalized values of the indicators, respectively; m is the number of indicators; and SC j is the value of the j sub-index. The index's value is computed by integrating the subindexes as follows:
where w 1 , w 2 , w 3 , w 4 are the relative weights of the subindexes, respectively; EDI is the economic development index, FCSI is the flood control security index, WSSI is the water supply security index, and WESI is the water environment security index.
Determining relative weights
As economic development, flood control security, water supply security, and water environment security are closely linked and affect one another, it is difficult to evaluate precisely the state of water security without taking into consideration the public's preference. In general, the relative weights of elements are determined by employing the analytical hierarchy process (AHP), which is one of the widely used multi-attributed decision-making methods (Satty ; Krajnc & Glavic ) and takes the respondents' preference into account. To investigate the respondents' preferences between the sub-indexes and between their indicators for the model, an interview survey that employs the AHP needs to be conducted. Table 1 shows the relative weights of the sub-indexes and their indicators in Equations (1) and (2), respectively.
Normalizing indicators' values
To compare the relative magnitudes of the indicators, transforming the indicators into dimensionless values, normalization, is necessary. To make the values of indicators dimensionless, a linear normalization is usually employed when the range of the values of the indicators is not too wide (Sullivan ). In those cases where a linear normalization is unacceptable, appropriate functions, such as S-shaped and nonlinear functions should be used. In this paper, the values of indicators are normalized using exponential efficacy functions based on the law of diminishing marginal utility (Zhou ), which is more practical and objective, because the variation rate of exponential efficacy functions is consistent with the theory of marginal utility (Su ) .
The definition of the law of diminishing marginal utility is that the return for a given unit of input declines as more inputs are applied. It is found that the influence law of water security system affected by the numerical variation of indicators is similar or contrary to the law of diminishing marginal utility through analyzing the influence law (Shi et al. ) . The first case is that, in the situation of other indicators being invariable, as the value of indicator I increases, the influence affected by the same numerical variation of indicator I reduces, which is similar to the law of diminishing marginal utility. For example, taking per capita water resources, the comparison between the influence affected by the numerical increase from 200 to 300 m 2 and that from 400 to 500 m 2 shows that the former is more important than the latter. The second case is that, in the situation of other indicators being invariable, as the value of indicator I increases, the influence affected by the same numerical variation of indicator I increases, which is contrary to the law of diminishing marginal utility. For example, taking affected proportion of population, the comparison between the influence affected by the numerical increase from 20 to 30% and that from 40 to 50% shows that the former is worse than the latter. The indicators in the indicator system can be classified into two categories, one is positive, namely, the bigger the better, the other is negative, namely, the smaller the better. Consequently, the dimensionless values of the positive indicators are computed as in Equation (3), while Equation (4) presents the equation used for negative indicators
where X max and X min are maximum and minimum values in the sample set, respectively; I positive and I negative are positive and negative dimensionless values, respectively; and x is the value of the indicator.
Determining the evaluation gradations
In order to judge the evaluation results intuitionally, the evaluation gradations of WSI should be determined. Criteria to determine it are as follows: (1) dynamic principle. Water security system is a dynamic system. Water security assessment should start with changes of the past, the present and the future, the development trend of water security should be considered; (2) principle of comparability. Water security assessment is analyzing the water security state of one area or stage. This analysis needs a reference system and the selection of gradations is related to a comparative relation of different areas and stages; and (3) difference principle. In the process of assessment, reference is made to economy, society, population, resources environment, etc. According to different characteristics and states of areas, the evaluation gradations are different. In the past, the method most used to determine the evaluation gradations was partition interval [0, 1](Shi et al. ; Kang & Lee ). Although it is simple and easy to use, it can't reflect the property of water security. In this paper, we select the classification thresholds of each indicator first, and then the thresholds of WSI and the subindexes can be calculated by Equations (1) and (4), thereupon the evaluation gradations are determined. Four ways to select the classification thresholds are as follows: (1) the first is according to national and international standards. For the indicators with national and international standards, it can be adopted directly; (2) the second is consulting national planning values or indicator values of developed countries and developed areas; (3) the third is theoretical analysis combined with the state of typical areas; and (4) the last is consulting experts. By the above ways, the classification thresholds of each indicator can be determined as shown in Table 2 .
COMPUTATION
There is a database from which information about Wuhan urban agglomeration (2008) Table 2 are normalized using Equations (3) and (4) before calculations are made. Next the Equations (1) and (2) are applied to calculate the values of WSI and all the sub-indexes, meanwhile, the evaluation gradations are determined. The evaluation results are shown in Tables 3 and 4 and Figure 3 .
Comparison of the model and other evaluation methods
To analyze the WSEM's behavior, the evaluation results are compared with those of other methods. Set pair analysis evaluation method (Yang et al. ) , multi-target fuzzy assessment model (Xiao et al. ) and unascertained measure model (Zhao et al. ) are selected to evaluate water security in Wuhan urban agglomeration and the evaluation results are shown in Table 5 . Furthermore the cities are sorted in the order of the evaluation results by WSEM and other methods as shown in Table 6 .
In statistical theory, the Spearman coefficent of rank correlation is used to test the consistence of two evaluation orders for the same objective in a statistical sense (Zhang & Zhao ) . Suppose that there are two orders for an evaluation, X and Y, which are {X 1 , X 2 ,…, X n } and {Y 1 , Y 2 ,…, Y n } respectively, where n is total of evaluation objectives, then the Spearman coefficent of rank correlation is as follows:
In this study, the mean of four orders is computed and the sequence of that is defined as the rational order. By calculating the Spearman coefficent of rank correlation between the rational order and each order obtained by a method, we select the method referring to the maximum of coefficents as the best method. We define that r s1 is the Spearman coefficent of rank correlation between the rational order and WSEM', r s2 is that between the rational order and set pair analysis evaluation method', r s3 is that between the rational order and multi-target fuzzy assessment model' and r s4 is that between the rational order and unascertained measure model'. By computation, we can obtain:
RESULTS AND DISCUSSION
As shown in Table 4 , WSI of cities in Wuhan urban agglomeration are 0. 5261, 0.5247, 0.5344, 0.4944, 0.5294, 0.5149, 0.5301, 0.5391, 0.5299, respectively . This demonstrates that the disparities in water security between different cities are small, as the maximum is 0.5391 corresponding to Qianjiang city and the minimum is 0.4944 corresponding to Xiaogan city. According to the evaluation gradations in Table 3 , WSI's gradations of cities are F, F, G, F, F, F, F, G, F, respectively, as shown in Table 4 . Water security states are good except for Ezhou city and Qianjiang city. For flood control security, FCSI of cities are greater than 0.59 and the maximum is 0.6332 corresponding to Wuhan city, which means flood control security is good, some cities are excellent in Wuhan urban agglomeration as Table 3 shows; WSSI of each city is approximately 0.5 except for Xiaogan city, as can be seen in Table 3 , water supply security is commonly good in Wuhan urban agglomeration. As far as WESI is concerned, the maximum and minimum are 0.3412 referring to Qianjiang city and 0.2984 referring to Wuhan city, which demonstrates that the water environment state of Wuhan is the worst in Wuhan urban agglomeration and need to be attended to. Overall, water security state in Wuhan urban agglomeration is good, which is in good agreement with the true situation. 
Note: Method1, method2, method3 and method4 are WSEM, set pair analysis evaluation method, multi-target fuzzy assessment model and unascertained measure model respectively. In Table 5 , evaluation results obtained by different methods are compared with each other, and the gradations of each city are basically the same. In addition, based on Table 6 and Equation (6), the Spearman coefficent of rank correlation between the rational order and WSEM' is 0.9833, which is greater than 0.9333 and 0.9167. This demonstrates that the order calculated by WSEM is more consistent with the rational order, and verifies the science and reliability of the developed model.
CONCLUSIONS
We introduce the WSEM that evaluates the water security and provides the evaluation results using quantitative values for policy makers and the public: (1) the water security system is divided into four subsystems including economic development subsystem, flood control security subsystem, water supply security subsystem and water environment security subsystem, the evaluation indicator system with clear logic and hierarchy is built, and the weight of each hierarchy is confirmed by the AHP; (2) considering that the variation rate of exponential efficacy functions is consistent with the theory of marginal utility, the values of indicators are normalized using exponential efficacy functions; (3) the evaluation gradations of WSI are determined by the classification thresholds of each indicator, which reflects the system's characteristics more perfectly; (4) based on the evaluation indicator system and relevant data, the water security state of Wuhan urban agglomeration is evaluated and the evaluation results are in good agreement with the true situation; and (5) to analyze the WSEM's behavior, the evaluation results are compared with those of three other evaluation methods by the Spearman coefficent of rank correlation, which verifies the science and reliability of the developed model.
